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1. Abstract
This research investigates the production of anodic aluminum oxide tube membranes
for use as a hemodialyzer module. Scanning electron microscopy was used to
detennine membrane morphology such as pore diameter, inter-pore spacing, and pore
density, and light optical microscopy was used to detennine thickness. The effect of
varying acid concentration and anodization time on membrane morphology and
mechanical properties such as nanohardness, elastic modulus and burst pressure, was
investigated. The collected data was examined to detennine the processing
parameters that maximize mechanical integrity while retaining optimal membrane
morphology for hemodialysis.
The growth kinetics of anodized aluminum oxide were determined to be highly
dependent on the equilibrium of oxide growth and field-assisted dissolution by acid
electrolyte, and the relative rates of each process depended mainly on the electrolyte
concentration, fonnation voltage, and current density. Prolonged second anodization
eventually caused a reduction in membrane thickness and increase in pore diameter.
Acid concentration was found to be proportional to electrical conductivity, and yield
greater membrane thickness. Processing parameters that yield optimum properties for
this application were detennined to be anodization in 20wt.% sulfuric acid electrolyte
for a second anodization time of approximately 12 hours. These conditions yielded a
anodic aluminum tube membrane with pore diameter of 12.46 ± 1.27 nm. pore
density of 7.35 x 1011 ± 1.11 x 1011 porcs/cm2• and a thickness of 23 ± 2.17 1l111.
2. Background and Literature Review
Hemodialysis is a typical treatment for patients who are diagnosed with kidney
failure. During hemodialysis, wastes such as urea and uric acid are removed from the
blood via an extracorporeal membrane. Current membranes are inadequate when
compared with typical healthy human kidney function; much research has focused on
developing improved hemodialyzer membranes.
In this research, a novel material for a hemodialysis membrane is presented and
analyzed. The membrane is fabricated by the controlled oxidation of aluminum tubes
in an acid electrolyte. The resulting anodic aluminum oxide (AAO), also known as
alumina, has an ordered hexagonal array ofnanopores (Figure 1), with narrow pore
diameter distribution.
Pore
Cell
Figure 1. Hexagonal array of nanopores in an anodic aluminum oxidc a film [1].
The diameter and distribution of the pores can be controlled by the anodization
parameters [11]. Thus, a particular waste solute can be targeted and cleared from the
blood, more akin to a human kidney. However aluminum oxide is a brittle material,
exhibiting an ultimate tensile strength 0000 MPa, modulus of elasticity of 370 GPa,
and Vickers hardness of 1365 in bulk form [2]. The mechanical properties of the
tubes were investigated to determine their usability in terms of fabrication, placement
in the dialyzer housing, and use as a hemodialyzer membrane.
2.1. Overview of Hemodialysis
Human kidneys are an essential part of the body's urinary system. Their main
function is maintenance of homeostasis via waste removal and hormone secretion.
Homeostasis is maintained at the kidney by the re-absorption and secretion of
substances such as glucose, water, phosphates, albumin, and sodium. Without a
functioning kidney, the body's pH level fluctuates and the blood becomes
contaminated with waste, preventing proper functioning. The failure of one or both
kidneys to adequately filter blood is termed renal disease.
Acute renal disease is a loss of kidney function that occurs rapidly, usually the result
of sudden trauma. Chronic renal disease is the loss ofkidney function that occurs
over months or years. Unfortunately. chronic renal disease can progress so slowly
that Sylnptoms are not manifested until kidncy function is one tenth of its nonnal
function. At this stage. the condition is referred to as end-stage renal disease (ESRD)
and is irrcycrsibie. Ifleft untreated. it results in death. As of 2004. an estimated
3
309,269 people in the United States suffer from ESRD, and are treated with
hemodialysis [3].
During hemodialysis, metabolic waste is removed from the blood via an external
hemodialyzer module, as shown in Figure 2. The module consists of an array of
porous polymer fiber membranes that resemble a counter-current shell-tube heat
exchanger, where blood flows through the tube side and dialysate fluid flows through
the shell side. An overview of the process is shown in Figure 3. The dialysate fluid
is highly specialized; its composition is selected to create concentration gradients and
facilitate removal of waste solutes via diffusion.
Blood inlet
Header
Tube sheet
~i1i~!!i!!!-.Dialysatc inlet
Blood compartments
(Fibers)
Jacket
Dialysate compartment
W~~~- Dialysate outlet
Blood outlet
Figure 2. Schematic of a typical hemodialyzer module. The design resembles a
shell-tube heat exchanger [4].
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.
Dialysate 1;.'_-.;.'..." ..;,:_._"_'..1
Purified Blood (3)
Figure 3. An overview of the hemodialysis process [5]. (I) Blood is pumped from the
vein into a hemodialyzer. (2) In the hemodialyzer, waste products are filtered from
the blood through an artificial membrane into the dialysate. (3) Purified blood is
returned from the hemodialyzer to the vein.
Pressure and concentration gradients between the blood and dialysate remove waste
via convection and diffusion respectively. The Hagen-PoiseuiIIe equation has been
used to estimate the mass transport across a porous cylindrical membrane wall due to
convection. Assuming laminar flow through a straight porous channel, the
convective mass transport across the membrane can be calculated using:
!1Pnr4
Q = 8f.lL
where Q is the flow rate, dP is the pressure gradient across the membrane wall, r is
(I)
the pore radius. p is the fluid density. 11 is the fluid viscosity and L is the length of the
channel. The mechanism of convcctive transport facilitates the removal of low.
middle, and high molecular wcight solutcs from the blood.
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Due to the concentration gradient between the blood and dialysate fluid a diffusive
mass transport mechanism is also present. The transport of a particular solute across
the membrane wall, provided it is permeable to the membrane, is described by Fick's
first law:
where qc is the mass transport of a particular solute, D is the diffusion coefficient
(2)
(diffusivity) of the same particular solute, c is the concentration of the bulk fluid, and
dx is the thickness of the membrane [6]. Diffusive transport facilitates the removal of
low molecular weight solutes such as urea and creatinine.
Dialysis treatments are frequent and expensive: typically 3 times a week for 3-5 hours
each session. Often a patient will reuse their hemodialyzer module for several
sessions to recoup some of the initial cost. Even with module reuse, in 2006 the
annual cost of treatment in the US was S18.1 billion [3].
2.2. Current Hemodialysis Membranes
Current hemodialyzer membranes are made of cellulose based or synthetic polymers.
There are numerous synthetic membrane materials used in practice: poly-
acrylonitrile. polylTIethylacrylate. ethyl vinyl alcohol. and polysulfone [7]. The
selection of the membrane material is patient specific. based on parameters such as
6
blood flow rate, dialyzer design, patient age, patient medication, and sterilization
method.
Due to the high cost of dialysis treatments, hemodialyzer modules are sterilized and
reused by the same patient for several sessions. However, the low temperature
resistance of the cellulose and synthetic hemodialyzer modules excludes sterilization
by heat. As a result, they are often sterilized with toxic chemicals such as ethylene
oxide and fonnaldehyde, which degrade the porous structure and can hann patient if
not sufficiently rinsed.
In addition, the membrane morphology of cellulose and polymer membranes is not
,J
optimized for hemodialysis, nor can the pore structure be as closely controlled as
nanoporous AAO. Figure 4 compares the surfaces of a synthetic polymer membrane
and an AAO membrane. The synthetic polymer membrane pores in Figure 4a are
irregularly shaped and, as shown in Figure 5a, widely distributed. The widely
distributed pores cannot selectively remove particular waste solutes.
In contrast, the AAO membrane has a highly porous hexagonal array ofnanopores
with small size distribution, as SHown in Figure 4b and Figure 5b. The membrane
characteristics are controlled by varying the anodization processing parameters.
Diameters as small as 10 nm have been fabricated in thin films. as discussed in
Section 2.3 [8]. The small pores and narrow size distribution creates a membrane
7
with the capability to selectively filter specific waste solutes from the blood, and
retain needed solutes such as albumin.
IOOOnrn
(a)
Figure 4. Surface view of the synthetic polymer membrane (a), and anodic aluminum
oxide membrane (b). [9]
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Figure 5. The pore diameter distribution of a s)'nthetic polymcr. polysulfonc.
mcmbranc (a). and an anodic aluminum oxidc mcmbranc (b).
AdditionaIly. thc biocompatibility of AAO has bccn invcstigatcd for usc in othcr bio-
applications such as drug delivcry dc\"iccs. Thc AAO mcmbrane has good chemical
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and temperature resistance; membranes may be exposed to high heat without
affecting the pore morphology [10]. Preliminary studies have shown increased
hydraulic conductivity due to increases in number of pore density [11].
2.3. Anodization
Anodization is an electrochemical process in which a layer of oxide film is grown on
a metal surface by applying an electric potential between two dissimilar metals in
electrically conducting fluid, or electrolyte. Two separate chemical reactions occur at
each electrode: oxidation at the anodic electrode and reduction at the cathodic
electrode. The anode is a readily oxidizing metal, while the cathode is any material
that is inert in the electrolyte. The basic anodization cell is shown in Figure 6.
Anode
I ,
I I
C!tectronic IO~
+
Flow Flow
-
..
...
Electrolyte
Cathode
Figure 6. Schematic diagram of the anodization process.
The application of the electrical potential between the anode and cathode causes the
fonnation of ions. which react to foml aluminum oxide and hydrogen gas. A diagram
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of the ion movement during anodization is shown in Figure 7. At the aluminum
surface, the applied voltage causes the loss of electrons and the A1 3+cation is created,
while at the cathode, water is broken down into the ions 0 2. and H+. The al uminum
and oxygen ions react at the metal - oxide interface to form aluminum oxide. The
hydrogen ions react at the cathode to cause hydrogen gas evolution. The
aforementioned chemical reactions, summarized in Table 1, result in the formation in
a thin, dense layer oxide, called barrier layer oxide.
A13+
Aluminum Oxide
0 2-
Electrolyte
H20
Figure 7. Schematic of the oxidation and reduction reactions that occur during
anodization of aluminum.
Table 1. Summar of the chemical reactions at the anode and cathode [6].
At Anode: AI 3c' -7 A13+
2 A12+ + 302- -7 Aha)
At Cathode: 2 H+ + 2e -7 H2
Howcvcr. whcn aluminum oxidation occurs in an acidic electrolytc solution. an
ordcred array of pores can bc f0n11ed. After thc thin barrier layer is fanned.
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dissolution of the anodic aluminum oxide begins as localized pits. The pit geometry
increases the dissolution potential by locally concentrating the voltage and acid
concentration. As the anodization proceeds the pits deepen to fonn pores that
rearrange in a hexagonal array. While reasons for the nucleation and fonnation of the
pits are unclear, it is believed that the pores are arrayed hexagonally because it is a
minimum energy state. The pores continue to proceed inward into the aluminum
substrate, through the gray areas shown in Figure 8.
Porous
H2SO4
..i\hUlli.ll<t
Pore PoreH2O \Val]
AhuninlUn
Figure 8. View of the metal - oxide interface during anodization. Ion transport
occurs in the dark gray areas.
2.4. Current Density and Temperature
The effect of acid concentration and temperature has been studied briefly in thin
AAO sheet. Vrublcysky et a1. found that incrcases in acid concentration and
tcmpcrature resultcd in incrcases in current density [12]. Howeyer. the tcmpcrature
of the clcctrolyte is typically maintained at QT. as it gcncrate.s smaller diamcter porcs
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and more unifonn channel arrays [11]. The low temperature has also been found to
reduce the dissolution potential of the acid electrolyte [28].
2.5. Anodic Aluminum Oxide Membrane Morphology
The fabrication of anodic aluminum oxide has been intensely scrutinized in the
literature and is most often characterized by pore diameter, pore density, and inter-
pore spacing, as these parameters rate the filtration potential of the membrane. The
pore diameter detennines physical limitation of the membrane to filter a particular
solute size. Membranes exhibiting large pore density and small inter-pore spacing
increase rate and volume of solute removal. Many have illustrated the dependence of
membrane morphology on anodization parameters [13, 14, 15, 16, 17].
Huang et al. investigated the effects of acid concentration, electrolyte composition,
and anodization voltage on membrane film morphology produced from aluminum
sheet. It was found that aluminum anodized in 3wt.% sulfuric acid (H2S04) at a
voltage between 12.5-15 V produced the most optimized membrane structure.
Additionally, it was noted that anodization voltage was proportional to pore size.
Stronger acids, such as sulfuric yielded smaller pore sizes then weaker acids, such as
oxalic (C2H20 4) [8].
Bclwalkar also confinned that greater voltage yielded greater pore size using AAO
films and tubes. The effects of voltage variation on porosity and inter-pore spacing
were also investigated. It was found that an increase in voltage caused an increase in
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pore diameter and inter-pore spacing. For films anodized in 2.7w1.% oxalic acid, a
55% increase in pore diameter and inter-pore spacing was found when the voltage
was increased from 30 to 40 V [II].
Patermarkis et al. and Sui et al. have also studied the effect of the electrolyte on AAO
films. The studies compared membrane quality using oxalic and sulfuric acid.
Oxalic acid was found to have fewer ion impurities, more uniform diameter pores,
and thicker oxide layers. However, the use of sulfuric acid resulted in smaller
diameter pores and faster anodization times [18, 19].
A larger tube wall thickness is an advantageous characteristic for the hemodialysis
application as it helps to maintain the tube's mechanical integrity during processing,
handling, and filtration. Conversely, a smaller tube wall thickness lessens blood
filtration time by lessening the resistance to waste solute transfer from the blood to
the dialysate. Ideally, the membrane is as thin as possible to facilitate filtration while
still retaining mechanical integrity. Previous literature describes thickness as simply
a function of total charge passed to the anode [20, 21]. However, others have found
the thickness to vary with anode geometry. Itoh et al. reported a greater thickness
when oxidation occurred on the inside of the aluminum tube rathcr than the outsidc
[22].
Alvey ct al found thc crystal structurc of AAO to bc microcrystalline: anhydrous
amorphous or vcry finc graincd a-alumina surrounded by hydrous watcr and acid
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amons. The amount of incorporated acid anions was found to be dependent on acid
type, with 1.5M sulfuric acid having the greatest amount of incorporated anions
(11.1 %, S042-), followed by 0.25M phosphoric acid (7 .6%, poll, 0.25M oxalic
acid (2.4%, C20 42-), and 0.25M chromic acid (0.1 %, Cr042-). Furthennore, the
incorporated anions affect bonding, as shown in Figure 9. The strong covalent bonds
shown in Figure 9a introduce rigidity between two AAO microcrystallites that does
not accommodate local strains and thus cannot blunt a propagating crack tip.
However, the bonding in Figure 9b introduces a weaker hydrogen bond between two
microcrystallites that could increase sheet flexibility. The ability of the AAO to blunt
a propagating crack is essential preventing fracture, since the membranes exhibit
Griffith cracks e3].
Figure 9. Bonding of the incorporated sulfate ion SO/. where (a) shows covalent
bonds fonned between two microcrystallites of anodic aluminum oxide. and (b)
shows hydrogen bonds between two microcrystallites of anodic aluminum oxide. The
strong covalent bonds cannot blunt a propagating crack tip.
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2.6. Mechanical Properties of Anodic Aluminum Oxide
This research investigates on the effect of anodization parameters on the mechanical
properties of the final membrane. This will determine the feasibility of using the
membrane for the hemodialysis application. Previous research in this area focuses on
determining elastic modulus and hardness of AAO films.
2.6.1. Hardness
The hardness of AAO films has been determined previously via micro- or
nanoindentation [10, 24-26]. The nanohardness of barrier layer AAO films was found
to be approximately 8.5 GPa by Alcala [24]. Hardness decreased for deeper indents,
higher loads and thinner films. These findings were consistent with the guideline that
the indentation depth should not exceed 10% of the total thickness.
Gall et a1. performed Vicker's nanoindentation on 70 /lm thick nanoporous AAO
films. The nanohardness of their porous films ranged from 3.6 to 7.9 GPa. Gall also
found nanohardness was decreased with increased porosity. This was attributed to
area reduction below the indenter and additional displacement accommodation by
pore crushing [10]. Xia et a1. also noted this shear collapse of pores during
nanohardness testing [25].
As-anodized films do not show any crystallinity [10. 14. 24-26]. Thus. hardness of
the films after heat treatment and subsequcnt transition to a-phasc has bccn
inycstigated. Hardncss increases with an increase in crystallinity. Specifically. Xia
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found a hardness increase of20% by heat treatment at 645°C for 12 hours [25], while
Ko et al. found an 8.5% increase by heat treatment at 500°C for 20 hours [26].
However it is unclear whether these increases are due to phase changes or sensitivity
to moisture content, as heat treatment also removes moisture from the membranes.
2.6.2. Elastic Modulus
The elastic modulus of AAO has been determined via indentation and microbeam
bending. The elastic modulus of ordered nanoporous has been found to range from
40-140 GPa depending on the test method [10, 25]. Gall found variation between
elastic modulus values obtained from bending and indentation is inherent in the test
method. Bending gives an average modulus, biased towards the outside edges
(greater due to the area moment), while indentation gives a local modulus [10].
However, in either method it is clear that increasing porosity reduced the elastic
modulus.
The crystallinity of the AAO also affects the elastic modulus. Gall noted an increase
in elastic modulus with transition to the a-phase (heat treatment, 1 hour at 11 OO°C)
[10]. However, Xia noted that heat treatment at 650°C had no affect on the modulus
[25]. Again. the moisture content of the films (coincident with the heat treatment) has
a significant effect on the mechanical properties.
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2.6.3. Fracture Strength
Little research has addressed the fracture strength of AAO due to the difficulty in
creating a sufficient sample size for testing. However, Itoh et al. investigated the
burst pressure of AAO tubes (70-100 Ilm thick) and found internal oxidation of
aluminum tubes yields a higher burst pressure than external oxidation [22]. Itoh's
findings attributed the difference to the increase in volume during oxidation. When
oxidation occurs internally, the AAO expansion is constrained by the tube geometry,
imparting a residual compressive stress. Compressive residual stresses have been
known to improve the fracture strength of many materials by helping to prevent crack
propagation. Specifically, Itoh noted a burst pressure increase from 0.098 MPa to
0.98 MPa, when oxidation occurred on the inside of the tube.
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3. Objective
The objective of this research is to investigate improved materials for a hemodialyzer
module. As discussed in previous sections, the proposed membrane, fabricated from
the controlled oxidation of aluminum in acid electrolyte, has many potential
advantages over current cellulose and polymer based membranes.
Much of the research presented in literature has focused on the anodization of
aluminum. Methods of fabricating films with engineered pore properties are well
documented, and are mentioned in Section 2.3. The AAO membrane properties
(narrow pore diameter distribution, ordered hexagonal arrays, pore diameters < 20
nm, high porosity) are ideal for blood filtration.
Additionally, the elastic modulus and hardness of AAO films has been extensively
studied (Section 2.4). As-anodized films and tubes are extremely brittle, exhibiting
elastic behavior until fracture [27]. These properties make them difficult to handle.
Thus, the goal of this research is to more fully understand the relationship between
processing parameters and mechanical properties, and optimize the AAO tubes for
use as hemodialyzcr membranes.
1S
4. Experimental Procedure
4.1. Selection of Parameters
Due to the abundance of anodization processing parameters, literature and
preliminary results were used to identify parameters that would yield optimal
membrane properties.
Electrolyte
Sulfuric acid was selected as the electrolyte due to its faster anodization time and
resulting smaller pore diameters. However, the acid concentration was varied
because no consensus was found in literature and preliminary results showed that acid
concentration had a large affect on the membrane properties. Concentrations of
2wt.%, 1Owt.%, and 20wt.% sulfuric acid were used.
Voltage
The anodization voltage was performed at a constant voltage of 12.5 V. Huang et a1.
found that this voltage yielded the most optimal membrane qualities for a
hemodialyzer module. The voltage was not varied as the relationship between
forming voltage and pore diameter has been documented in literature as linear [11].
Time
Preliminary results showed that the duration of first anodization has little effect on the
resulting tube thickness or pore formation. Thus the minimum first anodization time
of 2 hours was chosen for all tubes to expedite production. Howeyer. the second
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anodization time was not held fixed. Many have found oxide layer thickness to be
function of second anodization time, though it is described by the equilibrium of
oxide layer production and dissolution [16, 17, 28]. Therefore the second anodization
time was considered a variable in this investigation, and values of2, 6,12,24, and 32
hours were used.
Temperature
The temperature of the electrolyte is maintained in an ice bath to dissipate heat
generated by the oxidation-reduction reactions. The low temperature creates
favorable conditions for steady-state pore initiation, smaller pore diameter growth,
and uniform pore arrays [11]. The conductivity of sulfuric acid is dependent on the
temperature, so stable temperature was maintained throughout the anodization
process.
Aluminum Anode Tube Composition
The chemical composition of the tube was also a variable in this investigation. Many
anodization experiments in literature use very pure aluminum as the anode material
bccause the oxidation of the alloying clements may cause dcfects in the resulting
AAO [29, 30]. For the purposes of this invcstigation. alloy aluminum tubes (3003.
AlfaAesar. AI9R6MnuCUod and pure aluminum tubes (AAIIOO hard temper.
Accumetrics. Ltd.. Royersford. PA) of the geometry shown in Figure 10 could only
be used.
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Figure 10. Dimensions of the pure aluminum tubes and alloy aluminum tubes used in
this investigation.
4.1.1. Anodization Chamber
The basic electrochemical cell consists of an anode, cathode, and electrolyte bath.
For this research, aluminum alloy tubes and ultra-pure aluminum tubes were used as
the anode, and stainless steel rods (McMaster-Carr, SS 304) were used as cathodes.
An image of the electrochemical cell used in this study is shown in Figure 11, and
shown schematically in Figure 12. It consists of an insulating box, plexiglas lid.
threaded copper or brass rods with alligator clips, split washers, nuts, beaker, plastic
liner, and Tygon tube drain. To facilitate faster tube fabrication, two chambers were
connected in parallel.
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Figure 11. Image of the electrochemical cell used in this research.
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Figure 12. Schematic drawing of the electrochemical cell used in this research.
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Figure II. Image of the electrochemical cell used in this research.
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Figure 12. Schematic drawing of the electro~hemical cell used inthi.s re~;ealrcJ].
4.1.2. Data Acquisition and Electrical Set up
A circuit diagram of the dual chamber set up is shown in Figure 13. The power
supply, (Lamba High Power, formerly TCR, Model 150S7), operated in constant
voltage mode and provided the electric potential to perform anodization. A switch
box was incorporated to allow operation and ice replenishment of each chamber
independently.
Although operating current was on the scale of 100 mV, initial current spikes were as
high as 1 A, well above the lethal value onoo rnA. Thus, fast-acting fuses
(RadioShack, 0.25A 250V ACG/3AG, #27-1002) were incorporated to protect the
data acquisition (DAQ) board and possible electric shock if a spike in current were to
occur. Additionally, during electropolishing voltage and current were approximately
25V and 4A respectively. During these operating conditions, different fuses
(RadioShack, lOA 250V ACG/3AG, #27-1015) were incorporated as a fail-safe
device.
J-type thennocouples (Omega, JTSS-316G-12) recorded electrolyte temperature
changes in each chamber. Voltage-to-temperature converters (Omega, TAC80-J)
facilitated input into the DAQ board. The converter changes the output voltage from
the thennocouple to a linear 1 mV per degree scale (ie. 50°C reads as 50 mV).
Smtch Box I" 1, ."-l1H~nllocouple- I.. I ".' -111ennocouple-
Power •
Supply .·\1l1meter
To
D.-\Q
Fuse
316SS Al
Chamber A
:\lllmeter
To
D.-\Q
Fuse
316SS Al
Chamber B
Figure 13. Circuit Diagram of the Dual Chamber Set up.
A DAQ board (National Instruments, USB-6008), in conjunction with a labVIEW
program (National Instruments, Ver. 8.2) monitored the current, voltage, and
temperature of each chamber independently. As the DAQ can only recognize voltage
changes, Ohm's Law was used and In resistors (Caddock via Digi-key, MP9100-1.0-
1%) were placed in series to measure the current flowing to each chamber. The
resistance value was specified using the operating current range and maximum
allowable voltage to the DAQ. The In resistor incorporated yields an input voltage
of 0-1 OV to the DAQ. The resistor's power rating of 100W was specified to ensure
the resistor doesn't fail, causing a short during operation.
A screenshot of the LabVIEW program used in this investigation is shown in Figure
14. The program instructed the DAQ board to obtain data from each of 4 channels
corresponding to chamber A current, chamber B current, chamber A temperature. and
chamber B temperature. The logged data was displayed real-time on a graph and also
logged in a tab-delimited text file. The text was then imported into Microsoft Excel
for manipulation and analysis.
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Figure 14. Screenshot of the LabVIEW program used to collect and save current and
temperature data.
4.1.3. Burst Pressure Testbed
The burst pressure testbed was designed and fabricated as shown in Figure 15, and
schematically in Figure 16. Compressed nitrogen gas (N2, AirGas Allentown) was
used to pressurize a flexible latex tube and cause it to expand. The expansion of the
latex tube applies a force against the interior of the finished anodized alloy aluminum
oxide tube membrane, causing it to rupture. Various Swagelok connectors, valves,
and 6.35 mm NPT SS pipe were used as fittings..
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Fibyure 15. Photograph of the burst pressure test setup.
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Figure 16. Schematic Diagram of the Burst Pressure Testbed.
4.2. Procedu.re
4.2.1. Fabrication ofNanoporous Anodic Aluminum Oxide Tube Membranes
Nanoporous tubes were fabricated following procedures outlined by Huang et al.[8]
and Belwalkar[ll] which is performed in two steps. The parameters used for each
tube anodization experiment in this research are presented in Table 2 and Table 3.
The tube fabrication procedure is summarized in detail below.
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Each aluminum tube was ultrasonically cleaned in acetone for 15 minutes, followed
by 5 minutes of ultrasonic cleaning in deionized water. Electropolishing was then
performed in a solution of phosphoric acid, ethanol and deionized water (235 ml
H3P04, Alfa Aesar CAS#7664-38-2; 109 ml 95vol.% C2HsOH, CAS#64-17-5,
FischerScientific, and 100 ml deionized H20, on site) [31]. Electropolishing was
performed in ambient temperature at 25 V for 2-3 minutes. After electropolishing,
the inner surface of the tube had a smooth, mirror finish, as shown in Figure 17.
Electropolishing was followed by another ultrasonic cleansing: 15 minutes in acetone,
then 10 minutes in deionized water. The second ultrasonic cleansing completely
removed any remaining acid that may affect the growth of the porous structure.
Figure 17. Tube surface of the as-received (left) and after electropolishing.
Next. the tube underwent a pre-anodization period: 5 minutes in sulfuric acid (H2S04•
EMD CAS#7664-93-9). at 0 0c, and 12.5 V. Afterpre-anodization. the tube was
rinsed in deionized water. and the outside of the tube was coated with pOI)'l1er.
Acrylic. an inexpensive and readily available POI)ll1er used in nail polish. was used to
prevent the outside of the tube from oxidizing. Then the tube was anodized (First
anodization step - 0 DC, 12.5V, 2 hours). Following anodization, the tube was etched
in a solution of 4wt.% chromic acid and 8%vol phosphoric acid (I H2Cr04: I H3P04;
Alfa Aesar CAS# 1333-83-2, CAS#7664-38-2) at 60 DC for I hour in a hot water bath
to remove the barrier layer. The resulting pre-patterned surface yields better pore
structure and regularity.
The tube then underwent a second anodization for 2, 6, 12, 24, or 32 hours in sulfuric
acid at 12.5 V. Following the second anodization, the tube was rinsed in deionized
water. The outer layer of polymer was removed, the tube was filled with deionized
water, and the ends were sealed with parafilm. Etching to remove the excess
aluminum from the outside of the tube was performed in 0.1 M copper chloride (Alfa
Aesar, CAS#7447-39-4) and lOvol.% hydrochloric acid (4 CuClz : 1 HCI; EMD
CAS#7647-01-0) and took 4-12 hours. The deionized water in the tube helped
prevent the aluminum etchant from entering the tube, supported the membrane, and
caused the tube to sink, speeding the etching process. The tube was translucent when
aluminum etching was finished.
Next, the tube was again rinsed in deionized water. Finally, the parafilm ends caps
were removed. Schematic drawings of the tube fabrication process are shown in
Figure 18 and the tube fabrication process is summarized in Table 4.
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Etching to remove the barrier layer on the tube exterior was intentionally omitted. On
thinner tube membranes, etching to remove the barrier layer frequently resulted in the
complete dissolution of the AAO. Since the focus of this research was the relation of
the porous structure to the processing parameters, this step was not performed.
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Table 2. Summary of the experimental parameters for tubes anodized in 3wt.%
sulfuric acid. The symbol * indicates the tube may have been affected by aluminum
etchant contacting the interior tube surface, # indicates the tube was completed
dissolved by the etchant.
1st 2nd Cone.Tube Voltage Anodization Anodization (wt.%) Acid Composition(hr) (hr)
001SA 20 2.05 15.00 3 Sulfuric Alloy
001SB 20 2.05' 24.00 3 Sulfuric Alloy
002SA 20 8.00 24.00 3 Sulfuric Alloy
002SB 20 8.00 15.10 3 Sulfuric Alloy
003SA 13 2.00 15.07 3 Sulfuric Alloy
003SB 13 2.00 15.07 3 Sulfuric Alloy
004SA 13 2.02 23.45 3 Sulfuric Alloy
004SB 13 2.02 23.45 3 Sulfuric Alloy
005SA 12.5 2.00 24.00 3 Sulfuric Alloy
005SB 12.5 2.00 24.00 3 Sulfuric Alloy
006SA 12.6 2.00 50.00 3 Sulfuric Alloy
006SB 12.6 2.00 50.00 3 Sulfuric Alloy
007SA 12.5 2.07 51.63 3 Sulfuric Alloy
007SB 12.5 2.07 51.63 3 Sulfuric Alloy
008SA 12.5 2.77 65.00 3 Sulfuric Alloy
008SB 12.5 2.77 65.00 3 Sulfuric Alloy
009SA 12.5 2.23 41.32 3 Sulfuric Pure
009SB 12.5 2.23 41.32 3 Sulfuric Pure
010SA 12.5 2.58 24.78 3 Sulfuric Pure
GlOSB 12.5 2.58 24.78 3 Sulfuric Pure
011SA 12.7 2.00 54.00 3 Sulfuric Pure
011SB 12.7 2.00 54.00 3 Sulfuric Pure
012SA 12.4 2.33 92.00 3 Sulfuric Pure
012SB 12.4 2.17 92.00 3 Sulfuric Pure
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Table 3 Summary of the experimental parameters for tubes anodized in 2wt.%,
1Owt.%, and 20wt.% sulfuric acid. The symbol * indicates the tube may have been
affected by aluminum etchant contacting the interior tube surface, # indicates the tube
ltd d' 1 db th t h twas camp e e ISSO ve y eec an.
1st 2nd Cone.Tube Voltage Anodization Anodization (wt.%) Aeid Composition(hr) (hr)
013SB 12.5 2.00 24.12 10 Sulfuric Pure
014SA 12.5 2.00 2.00 2 Sulfuric Pure
014SB 12.5 2.00 2.00 10 Sulfuric Pure
015SA 12.5 2.00 24.00 2 Sulfuric Pure
015SB 12.5 2.00 24.00 10 Sulfuric Pure
016SA 12.5 2.20 6.00 2 Sulfuric Pure
016SB 12.5 2.20 6.00 10 Sulfuric Pure
017SA 12.5 2.30 12.03 2 Sulfuric Pure
017SB 12.5 2.30 12.03 10 Sulfuric Pure
018SA 12.5 2.00 2.00 20 Sulfuric Pure
018SB 12.5 2.00 6.00 20 Sulfuric Pure
019SA 12.5 2.00 24.55 20 Sulfuric Pure
019SB 12.5 2.00 12.00 20 Sulfuric Pure
020S 12.5 2.03 31.97 2 Sulfuric Alloy
021S 12.5 2.03 12.10 2 Sulfuric Alloy
022S 12.5 2.25 6.08 2 Sulfuric Alloy
023S 12.5 2.25 25.00 2 Sulfuric Alloy
025S 12.5 2.02 24.00 10 Sulfuric Alloy
026S 12.5 2.10 12.10 10 Sulfuric Alloy
027S 12.5 2.00 32.00 10 Sulfuric Alloy
028S 12.5 2.10 6.02 10 Sulfuric Alloy
029S 12.5 2.02 5.83 20 Sulfuric Alloy
030S 12.5 2.22 31.87 20 Sulfuric Alloy
031S 12.5 2.00 12.08 20 Sulfuric Alloy
032S 12.5 2.03 24.40 20 Sulfuric Alloy
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Figure 18. Schematic overview of the tube fabrication process.
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Table 4. Summary ofthe tube fabrication procedure.
-
Step Operation Solution/Material Time Voltal!;e (V) Temperature cae)
1 Ultrasonic Rinse Acetone 15 min
2 Ultrasonic Rinse Deionized Water 10 min
3 Electropolishing Chromic, Phosphoric, Sulfuric Acid 2 min 20-25 Ambient
or Phosphoric, Ethanol Solution
4 Ultrasonic Rinse Acetone 15 min
5 Ultrasonic Rinse Deionized Water 10 min
6 Pre-Anodization Sulfuric Acid 5 min 12.5 0
7 Rinse Deionized Water 2 min
8 Coating Polymer (Nail Polish)
9 1st Anodization Sulfuric Acid 5 min 12.5 0
10 Rinse Deionized Water 2 min
11 Etching 4wt.% Chromic Acid, 8vo1.% Ihr 60Phosphoric Acid (1 :1)
12 Rinse Deionized Water 2 min
13 2nd Anodization Sulfuric Acid 2 hrs 12.5 0
14 Rinse Deionized Water 2 min
15 Polymer Removal Acetone
16 Cap Ends Parafilm
17 Etching 0.1 M CuC12, 10% HCl (4:1) 8-12hrs 20
18 Rinse Deionized Water 2 min
19 Remove Ends Parafi1m
w
w
.'
..'1.
4.2.2. Characterizatio/l
Scanning clectron microscopy (SEM, Hitachi 4300) was used to characterize the
porous structure of the AAO tube membrane. Tubes were sectioned using tweezers
and were mounted on aluminum SEM stubs using carbon tape. Particular care was
taken to determine which surface (interior or exterior) was being evaluated. Mounted
AAO specimens were sputtered with iridium !()r 20-40 seconds (Electron Microscopy
Sciences, EMS 575S), as AAO is non-conductive. Finally, small amounts of carbon
paint were applied to the tube edges ground the tube and reduce charging. Pictures of
the sample prior to and after SEM preparation are shown below in Figure 19.
Figure 19. AAO tube membrane specimens as-produced (a) and after iridium
sputtering and carbon paint addition. (Diameter of the stub = 25 mm.)
SEM images were analyzed using Image] software, freeware available from the
National Institute of Health website (Version 1.37v, [32]). After setting the scale and
adjusting the image threshold, the pore diameter, inter-pore spacing, and pore density
were detennined. SEM images of the tube cross-sectioned were also analyzed in
Image] to detennine membrane thickness. Figure 20 is a schematic illustrating the
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definition of pore diameter, pore density and inter-pore spacing. The pore density can
be calculated using the pore count given by ImageJ, or by determining the pore count
by using the area fraction:
(3)
where P is the pore count, AI' is the area fraction of pores, and D is the average pore
diameter. The pore density is then determined by dividing the pore count by the
selected area. For this investigation, both methods were used to calculated pore
density.
------(j--------!
hlter-pore Spilcillg
Pore Diilllleter
Figure 20. 'Schematic illustration showing the measurement of the membrane
parameters. The pore density is calculated to be 12 pores/a2 due to the addition of
four halfpores.
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Light optical microscopy and a digitizing pad were employed to detennine the
thickness of the AAO tube membrane. Tubes specimens were aligned as close to
perpendicular to viewing angle as possible on a glass slide and held in place
temporarily using plasticine.
4.2.3. Indentation ofAnodic Aluminum Oxide Tube Membranes
Nanoindentation was perfonned using an Atomic Force Microscope (Digital
Instruments, Model MMAFM-02, Nanoscope III, version 4.43r8) and Triboscope
transducer (Hysitron, 1D SN5-060-71) with 150 nm Berkovich tip installed. The load
function, shown below in Figure 21, was entered into the Triboscope controller
software (Triboscope Load Control, version 4.1.0.0) and used to make the indent on
the sample. Several indents were perfonned for each sample.
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Figurc 21. Load displaccmcnt curyC used in nanoindcntation.
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Figure 22. Anodic aluminum oxide tube membrane sample mounted on a stainless
steel atomic force microscopy disk. (Diameter of the disk = 15 mm)
The triboscopc software calculated the nanohardness by fitting the relation:
P =A(h -hr )1II
where P is the load, A is a fitting constant, h is the displacement, hI is the
displacement after complete unloading, and m is fitting constant, to the unloading
curve of the force - deflection data. The nanohardness is then calculated from the
load and the projected contact area.
(4)
A mounted AAO tube membrane specimen ready for indentation is shown in Figure
22. Cyanoacrylate (super glue) was investigated as a possible mounting material to
rigidly connect the AAO tube sample to the AFM stainless steel specimen disk.
However, as shown in Figure 23, cyanoacrylate infiltrated the pores due to its low
viscosity. For this reason Crystal Bond (SPI Metallography Supplies, West Chester,
PA) was used to mount the samples for AFM analysis.
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Figure 23. Infiltration of the pores by mounting glue, cyanoacrylate.
4.2.4. Burst Pressure Testing
Burst pressure testing was perfonned utilizing the set up mentioned in Section 4.1.3.
First, the finished AAO tube membrane was carefully placed over the latex tube in
the burst pressure test bed. The latex tube was re-attached to the barbed connector
and the valve before the test section was closed. Next, the nitrogen gas tank valve
was opened and the regulator pressure was adjusted to a low pressure. The second
valve on the burst pressure test bed was closed and the first was opened, allowing the
pressure nitrogen gas to enter the latex tube. The pressure was incremented and the
steps were repeated until the pressure caused catastrophic failure of the tube.
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5. Results
5.1. Characterization
During SEM characterization, membrane features which could reduce the filtration
potential or compromise the mechanical integrity were found. Determining the origin
of these defects (lack of porous structure, voids, radial and transverse cracks) is
essential to optimization of the AAO tube membrane.
The effect of etchant contact on a porous AAO interior surface which fractured
during etching to remove the aluminum is shown in Figure 24. It was also noted that
after contact with the etchant, the AAO membrane was no longer translucent; it
became opaque white and had a high sensitivity to heat.
Figure 25 shows large voids within the AAO tube membrane cross-section. Figure 26
shows a radial crack in the AAO tube membrane in cross-section.
Figure 27 and Figure 28 present cracks found in AAO tube membrane specimens,
which encountered void defects in the substrate. In Figure 27, a transverse crack
encounters a void defect and continues to propagate. In Figure 28, a radial crack
encounters a void defect and is arrested.
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Figure 24. SEM images of an over-etched inner porous surface. Top and bottom
images illustrate the gradual deb'Tadation ofthe porous structure by the etchant.
(015SB top, 009SA bottom)
~
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Figure 25. View of the anodic aluminum oxide tube membrane in cross-section,
illustrating large voids. (Sample 028S as shown in Table 3)
Figure 26. View of the anodic aluminum oxide tube membrane cross-section that
shows large radial fracture. The sample was anodized in 20wt.% acid. (Sample 030S
as shown in Table 3)
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Figure 28. Cross-sectional view of the anodic aluminum oxide tube membrane that
shows radial crack tip blunting. (Sample 025S as shown in Table 3)
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5.2. Chamber Current and Temperature
As mentioned previously, variation of the current was recorded using a data
acquisition board and data logging software. Figure 29 portrays the current change in
during the second anodization. Samples were anodized simultaneously in separate
chambers: 2wt.% and 1Owt.% sulfuric acid experiments were performed in parallel,
and 3wt.% and 20wt.% sulfuric acid were performed in parallel. The experiment was
paused at hour 30 to allow the addition of ice to the chambers. Figure 30 illustrates
the average current density from Figure 29 as a function of acid concentration.
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Figure 29. Current variation as measured by the DAQ board during second
anodization.
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Figure 31 shows the variation in chamber temperature during the second anodization.
Again, 2wt.% and 10wt.%, and 3wt.% and 20wt.% sulfuric acid experiments were
performed in parallel. The large drop in temperature at hour 30 was due to the
addition of ice to the chambers, which required the experiment to be paused.
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5.3. Membrane Morphology
5.3.1. Membralle Thicklless
A comparison of the measurement methods used in this experiment is shown in
Figure 32. Measurement method of either scanning electron microscopy (SEM) or
light optical microscopy (LOM) is indicated in the legend.
The effect of increasing the first anodization time on the final membrane thickness
was investigated. Note that the thickness after first anodization is not presented
because it is etched during processing to pre-pattern the aluminum tube surface. The
final membrane thickness, after all processing steps are completed, is presented.
Table 5 lists the results of altering the first anodization time from 2 hours to 8 hours,
along with the percent change. A graphical representation of this data is presented in
Figure 33.
It was found that the membrane thickness was also affected by the concentration of
the acid electrolyte. Variation in AAO tube membrane thickness for pure and alloy
tubes oxidized in 2wt.%, IOwt.% and 20wt.% sulfuric acid is shown in Figure 34.
The effect of lengthened second anodization time on AAO tube membrane thickness
is presented in Figure 35. The first anodization step for the data presented in Figure
35 was two hours in 3wt.% sulfuric acid. Note that the greatest membrane thickness
occurs at approximately 24 hours. Two linear regressions are shown in Figure 25.
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Figure 32. Membrane thickness as measured by scanning electron microscopy (SEM)
and light optical microscopy (LOM). These data are from pure aluminum tubes
anodized in 2wt.% sulfuric acid. (Samples 015SA, 016SA, and 0l7SA as shown in
Table 3)
Table 5. Thickness measurements of tube membranes anodized in 3wt.% sulfuric
acid.
First Anodization
2 hrs I 8 hrs % Change 2nd Anodization (hrs) MethodThickness (ltm)
51.70 48.50 -7 15 LOM37.78 60.72 38 24
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Figure 33. Effect of increasing the first anodization time from 2 to 8 hours on the
final membrane thickness after (a) 15 hour and (b) 24 hour second anodization time is
presented. (Samples 001 SA. 002SB are presented in (a) and samples 001 SB. 002SA
are presented in (B) as shown in Table 3).
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Figure 34. Variation of anodic aluminum oxide tube membrane thickness for (a) pure
aluminum tubes and (b) alloy aluminum tube. (Samples 014SA. 015SA. 015SB.
016SA. 016SB. 017SA. OI7SB. OISSA. OISSB. 019SA. OI9SB are presented in (a)
and samples 020S. 021 S. 023S. 025S. 026S. 027S. 02SS, 029S. 030S. 031 S are
presented in (b). as shown in Table 3)
49
70605040302010o
5
o
45 (I)
40
-.. 35 Y= 2.2036x - 15.628til
l:: R2 = 0.9232e
u 30
'8
'-'
til 25til
Q)] 20u
:.a
t-- 15~
0
....:J 10
2nd Anodization Time (hours)
Figure 35. Variation of anodized aluminum oxide tube membrane thickness as a
function of 2nd anodization time for alloy aluminum tubes oxidized in 3wt.% sulfuric
acid. (Samples 003SA, 003SB, 005SA, 006SA, 008SA as shown in Table 3)
5.3.2. Pore Diameter
Variation of pore diameter with second anodization time is plotted in Figure 36 for
pure and alloy aluminum anodes. There is an initial trend of decreasing pore diameter
until 12 hours, at which point further anodization causes an increase in pore diameter.
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Figure 36. Pore diameter as a function of second anodization time for (a) pure
aluminum anodes and (b) alloy aluminum anodes at various acid concentrations.
(Samples 015SA. 015SB. OI6SA. 016SB. 01 7SA. OJ 7SB. OI8SA. OI8SB. 019SA.
01 9SB are presented in (a) and sampIcs 020S. 02 IS. 023S. 025S. 026S. 027S. 028S.
03 IS are presented in (b). as shown in Table 3)
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5.3.3. Inter-pore Spacing
Variation of inter-pore spacing as a function of the second anodization time for pure
aluminum anodes in Figure 38and alloy aluminum tube anodes in Figure 38. The
average inter-pore spacing is approximately 30 nm for both pure and alloy tubes.
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Figure 37. Inter-pore spacing as a function of second anodization time for pure
aluminum anodes. (Samples OI5SA, OI5SB, OI6SA, 016SB, 017SA, 017SB, 018SA,
018 SB, 019SB as shown in Table 3)
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Figure 38. Inter-pore spacing as a function of second anodization time for alloy
aluminum anodes. (Samples 020S, 021 S, 023S, 027S, 031 S as shown in Table 3)
5.3.4. Pore Density
The membrane pore density is defined as the number of pores per area, and can be
determined either using the pore count or by using the area fraction, as given by
before by equation 3. A comparison of the calculation methods is shown in Figure
39. The variation of the pore density calculated by area fraction is shown in Figure
40 as a function of pore diameter.
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Figure 39. Comparison of methods used to calculate the pore density, indicated as
pore count or area fraction. (Samples OISSA, OI6SA, OI7SA as shown in Table 3)
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Figure 40. Variation of pore density with pore diameter. The pore density was
calculated using the area fraction. (Samples 015SA. 015SB. OI6SA. OI6SB. OI7SA.
OI7SB. OISSA. 0ISSB. OI9SB as shown in Table 3)
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5.4. Mechanical Properties
5.4.5. Nallohardlless
The average nanohardness of select AAO tube membrane samples is shown in Figure
41 as a function of second anodization time. Samples anodized in 2wt.%, 1Owt.%
and 20wt.% sulfuric acid are presented.
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Figure 41. The variation of nanohardness as a function of second anodization time.
(Samples 017SA, 017SB, 015SA, 015SB. 01SA. 019SA. 019SB as shown in Table 3)
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5.4.6. Elastic Modulus
Figure 42 presents the effect of second anodization time on the elastic modulus for
pure aluminum anodes oxides in 2wt.%, IOwt.%, and 20wt.% sulfuric acid
electrolyte.
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Figure 42. Variation of the elastic modulus as a function of second anodization time.
(Samples OI7SA, 0l7SB, OI5SA, OI5SB, OI8A, OI9SA, OI9SB as shown in Table 3)
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5.4.7. Burst Pressure
Results of burst pressure testing on AAO tube membranes are presented in Table 6.
The results presented represent a safe operating load, prior to failure. Tube failure
was rapid and catastrophic; the tube fractured into irregular pieces with surface area
of approximately 5 mm2• Note that the geometry of the tubes required a slightly
different testing procedure: alloy tubes were loaded by pressurizing a latex tube with
nitrogen gas, pure tubes loaded by pressurized nitrogen gas only.
Itfth b tT bl 6 Sa e ummary 0 e urs pressure es mg resu s.
1st Anodization 2nd Anodization Burst
Tube Time Time Cone. Compo Pressure
026S 2.10 hr 12.10 hr 10wt.% Alloy 138 kPa
020S 2.03 hr 31.97 hr 2wt.% Alloy 145 kPa
019SB 2.00 hr 12.00 hr 20wt.% Pure 83 kPa
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6. Discussion
6.1. Characterization
The effect of the aluminum etchant is extremely undesirable if the AAO tube
membrane is to be used as a filter. Figure 24 shows that the copper chloride and
hydrochloric acid solution reduces the porous structure to disorganized fibers.
Kircher et al. reported similar results when AAO films were placed in phosphoric
acid for greater than one hour [16]. Particular care must be exercised to ensure none
of the acid etchant reaches the AAO tube membrane surface.
A transverse view of the AAO tube membrane showing voids approximately 1 11m
long is presented in Figure 25. The spherical shape of the voids suggests they are due
to oxygen bubbles. Crossland et al. has reported on oxygen bubble flaws present in
AAO, and suggested that alloying elements of the aluminum anode favor the
generation of oxygen bubbles [29]. Additionally, work by Brown et al. has found the
oxidation rate of the alloying material was less than the aluminum [33]. It is
proposed that as the oxidation of aluminum proceeds quickly around the alloying
clement, encapsulating the impurity. The oxygen ions are also trapped. which causes
the evolution of oxygen gas. Thus. the formation of voids in the AAO substrate is
due to the encapsulation of oxygen ions during anodization.
Fracture of the AAO tube membrane is undesirable as it reduces the filtration
potential. Understanding and minimizing the appearance of cracks is essential to
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creating a feasible AAO tube membrane. Figure 26 shows a large radial crack that
suggests material weakness because the preferred method of fracture is transverse.
As mentioned previously, Griffith cracks have been identified in AAO tube
membranes. Additionally, the incorporation of sulfate ions into the AAO tube
membrane has been proposed to introduce rigidity []. It is proposed that the presence
of Griffith cracks combined with a localized layer of rigid, sulfate rich AAO has
caused this unique fracture mechanism. The sulfate rich AAO layer could have
originated due to a temporary lapse in oxidation rate, caused by fluctuation in the
temperature or current density. The slower oxidation exposes the AAO to sulfuric
acid for a longer time period, and incorporates a greater amount of sulfate ions. As
the Griffith crack approaches the sulfate rich layer, the tip cannot be accommodated
at all by the AAO. Thus, fast brittle fracture is observed.
In Figure 27, a transverse crack tip is not blunted when encountering a large void in
the AAO tube membrane, but in Figure 28 a radial crack tip is arrested by void. It is
proposed that the porous structure of the AAO can account for this difference in crack
propagation.
The porous structure of AAO has a high aspect ratio. with very small pore diameters
and large pore channels. However. due to the porous structure. the relative size of the
transverse crack and radial crack are drastically di fferent. The cross-section of the
transverse and radial crack directions are shown in Figure 43. As the crack
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propagates from pore to pore (illustrated by the arrow) the fractured area (illustrated
by the shaded area) in the transverse direction is much larger than the radial crack
direction. Though both cases utilize the same amount of displacement in one
direction, the resulting fractured area is much greater for the transverse crack.
Greater displacement and energy are required to create a crack in the radial direction.
Additionally, this size effect alters the void size required to blunt the crack tip. A
void on the scale of nanometers could arrest a radial crack, but a micron sized crack is
necessary to stop a transverse crack.
o
o
o
o
Radial
Crack Propagation
o 0
o (Slt>
o 0
o 0
Trans\'erse
Crack Propagation
Figure 43. Effect of the porous structure on fracture mechanisms.
6.2. Current Density and Temperature
As seen in Figure 29. the currcnt dcnsity is proportional to the concentration of the
elcctrolyte. The a\"Crage currcnt density throughout thc sccond anodization stcp is
plottcd against acid conccntration in Figure 30. which shO\\'s a lincarly proportional
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relationship between acid concentration and current density. The experimental results
for current density are in good agreement with literature shown in Figure 44, which
illustrates a linearly proportional relationship between 0 - 30wt.% sulfuric acid [34].
Figure 29 also shows a large current oscillation in the 20wt.% and 3wt.% sulfuric acid
electrolyte. The large current oscillations in the 20wt.% acid are most likely due to
increased oxide growth rate. As the current density spikes, a large amount of barrier
layer oxide is grown on the aluminum substrate. As the oxide thickness further
increases, so does its resistance. Utilizing Ohm's law, it is clear that at a constant
voltage, an increase in resistance causes a decrease in current. As the current
decreases, the dissolution of the membrane becomes dominant. Once the barrier layer
is dissolved to a critical thickness, the transport of ions reinitiates and oxide is
generated. Fewer current spikes arc present in thc lower acid concentrations,
implying a more stable cquilibrium between oxidc generation and dissolution. The
lowcr oxidation rate prcsent in less concentrated acids has less overshoot, so currcnt
spikcs are not as scvcrc.
The fluctuations dcscribcd for 20w1.% sulfuric acid affected thc 3wt.% sulfuric acid
anodization as thcy werc performed in parallel. The power supply cannot adjust the
currcnt to each chamber instantaneously, but can typically re-regulatc thc load to with
2% of its final valuc within 2 ms. Nonetheless. a sudden change in the current load
required in chamber A effects the current load in chamber B.
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Figure 44. Effect of sulfuric acid concentration on conductivity [34].
The large current drop of 0.04 mNcm2 at hour 30 in Figure 31 is due to the addition
of ice during the experiment. The decrease in current density following the ice is
evidence that the temperature also affects the current. The steady increase in the
20wt.% and 3wt.% sulfuric acid electrolyte temperature throughout hours 0 - 30
produces an increase in current density. Thus it is concluded that the acid electrolyte
temperature is proportional to current density. However, the acid concentration has a
much greater impact on the current density than the temperature.
6.3. Membrane Morphology
6.3.1. iUembrane Thickness
Membrane thickness greatly affects the ability of the AAO tube membranes to be
handled. as well as decreases the probability of fracture during the fabrication
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process. Thicknesses obtained during this investigation ranged from 5 - 76 11m.
Similarly, tube thicknesses in the literature range from 35 - 200 11m [21].
The comparison between SEM and LOM measurement methods presented in Figure
32 illustrates that LOM measurements are greater than those obtained via SEM.
Though higher resolution is possible with scanning electron microscopy reducing
parallax is difficult because the viewing angle is not easily ascertained. Furthennore,
since the existence of parallax only reduces the magnitude of the measurement, the
larger light optical microscopy thickness measurements are considered to be more
accurate to actual thickness.
As seen in Figure 33a, increasing the first anodization time from 2 to 8 hours caused a
7% decrease when followed by a second anodization of 15 hours, while in Figure 33b
a 38% increase was found when followed by a 24 hour second anodization. Though
the reasons for change in thickness due to first anodization time are unclear, SEM
characterization determined that both 2 and 8 hour times produced ordered porous
membranes. Since 2 hours is sufficient to create a porous layer that, when
subsequently etched, pre-patterns the tube interior and allows porous oxide
generation, it was not varied in subsequent experiments. The tube fabrication process
is time-intensive and produces low membrane yields. The need for increascd
fabrication rate excccdcd possiblc additional membrane thickness obtaincd by longer
1st anodization timc.
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Diggle et al. has suggested the dissolution of AAO in electrolyte is 'field-assisted', or
strongly dependent on voltage potential [28]. Figure 34 confinns the field-assisted
nature of the AAO dissolution, as increasing the acid concentration does not increase
dissolution. For both alloy and pure tubes, the highest acid concentration has the
largest membrane thickness. This is most likely caused by the variation in electrolyte
conductivity, as noted by the current density experiments. The increased current
gives greater impetus for oxidation to occur by producing more oxygen ions. The
result is a faster rate ofoxide generation (greater slope) and a thicker membrane.
Figure 35 illustrates the variation of membrane thickness with second anodization
time. Though previous literature has suggested that the membrane thickness is
proportional to total current passed to the anode [21], Figure 35 clearly shows a
maximum at 12 hours followed by a decrease. This suggests that the membrane
thickness is dictated not just by oxidation, but by dissolution as well. Region I in
Figure 35 is dominated by the oxidation of aluminum, as readily available oxygen
ions are consumed to produce AAO. However, as the anodization continues in
Region II, the available oxygen ions are depleted and the oxidation rate is attenuated.
The field-assisted dissolution, dependent only on voltage potentiaL becomes
dominant and causes a decline in membrane thickness.
Since the rate of oxide generation depends highly on the acid concentration and
availabilitv of oxygen ions. but the rate of dissolution remains relatively constant. it is
.,I '*"_ ..
proposed that aluminum tubes anodized in different acid clectrol~1e concentrations
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will exhibit a characteristic limiting thickness. Greater acid concentrations will yield
higher characteristic limiting thicknesses that occur quickly and take longer to
attenuate.
6.3.2. Pore Diameter
Pore diameters achieved in this investigation ranged from 12 - 31 nm. These results
are similar to Huang et al. 's diameters of approximately 10 nm for aluminum sheet
anodized in 3-5% oxalic acid electrolyte [8]. Figure 36 shows that the smallest pore
diameters were achieved using 20w1.% acid electrolyte with pure aluminum tubes.
Though some of the data set for alloy aluminum tubes was excluded due to over-
etching, Figure 36b shows a similar trend, and more clearly shows a relationship of
decreasing pore diameter with increasing acid concentration. The pore diameter
variation is most likely due to pore wall softening, previously noted by Alvey et al.
and shown in Figure 45. During anodization, the hydrous inter-crystallite matrix is
preferentially attacked by the acid electrolyte and dissolved. Longer exposure to the
acid yields increased pore wall softening and eventually an increase in pore diameter
[23]. Thus, aluminum tubes anodized in 20w1.% sulfuric acid have the smallest pores
because the oxidation occurs more rapidly.
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Schematic diagram illustrating the mechanism of pore wall softening [23].Figure 45.
Finally, note that both alloy and pure aluminum tubes anodized in 2% wt sulfuric acid
have less variability as evidenced by their smaller error bars. The narrow size
distribution indicates a more stable equilibrium than higher acid concentrations. As
discussed previously, the dilute concentration causes a decrease in oxidation rate.
The lower oxide growth rate does not experience the marked overshoot and correction
present in the 20wt.% anodization experiments, which could cause local variation of
dissolution rates and widen the pore diameter distribution.
6.3.3. Inter-Pore Spacing
An ideal membrane for filtration has narrowly distributed inter-pore spacing that has
the capability to remove low. middle and high molecular weight solutes. However. as
seen in Figure 38. the inter-pore spacing is widely distributed for all acid
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concentrations, with an average of 30 nrn for both pure and alloy aluminum anodes.
The large distribution, lack of trend, and large standard deviation implies that inter-
pore spacing is not affected by second anodization time, or acid concentration. Lee et
aI.' s investigation of hard-anodized aluminum oxide in oxalic acid confirms that
longer anodization time does not affect the inter-pore spacing. Rather, inter-pore
spacing is proportional to formation voltage [11].
6.3.4. Pore Density
Pore densities in this investigation were on the scale of lOll pores/cm2, akin to values
in literature (10 1°-10 12)[35]. A comparison of the calculation methods is shown in
Figure 39. The graph shows a considerable difference in the pore density when
calculated using the pore count rather than area fraction. As the purpose of the pore
density measurement is to describe the porosity of the membrane the pore count
method is inaccurate. As shown in Figure 46, the porosity of a membrane is highly
dependent on the pore diameter. Though both cases in the figure have the same inter-
pore spacing and pore density, their porosities are very different. Since the area
fraction method considers the pore diameter in its calculation, it is a more accurate
measure of the porosity of the membrane.
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Figure 46. Schematic diagram illustrating difference between pore density and area
fraction calculation. Both cases have the same pore density (12 pore/area), but the
area fraction of each case is markedly different.
Figure 40 illustrates a correlation between increased pore density and pore diameter.
Large pore diameters cannot be as closely packed as small pore diameters. Thus, the
pore density is inversely proportional to the pore diameter. As such, the smallest
diameter pores, produced in 20wt.% sulfuric acid, exhibit the largest pore density.
I
The large standard deviation for the 20wt.% acid electrolyte experiments is most
likely due to pore diameter measurement. As the precision of the diameter
measurement approaches the size of the pore diameter, the standard deviation
Increases.
6.4. Mechanical Properties
6.4.5. Nallohardlless
The nanohardness data presentcd in Figure 41 is higher than reportcd by Gall et a1. in
literaturc. wherc it was rcported that the nanohardncss of barrier layer AAO was
approximately 8.5 GPa. Possiblc reasons for the higher nanohardncss in this
ill\"cstigation arc the mounting mcthod and cur\"cd surface of the AOO specimcn.
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Samples were characterized on the SEM to ensure none of the mounting material
infiltrated the pores, but the SEM only provides a view of the surface of the of AAO
tube membrane. The crystal bond could have partially infiltrated the pores and not
have reached the surface, affecting the measurement. In the future, focused ion beam
microscopy should be used to machine a cross-section of the mounted AAO tube
membrane to ensure that the AAO is not affected by the crystal bond. The curved
surface of the AOO tube membrane could affect the nanohardness measurement by
causing the indenter tip contact the surface at an angle. This affects the load and
projected area that is used to calculate both nanohardness and elasticity. Although the
actual value ofnanohardness in Figure 41 may be inaccurate, the relative differences
between specimens are valid.
Nonetheless, Figure 41 confirms the existence of pore wall softening, as the
nanohardness is inversely proportional to second anodization time. As mentioned
previously, pore wall softening was described by Alvey et al. as the dissolution of the
pore wall material due to exposure to the acid electrolyte. The dissolution of the pore
wall material causes a decrease in nanohardness [23]. The results displayed Figure 41
in confinn the decrease in nanohardness due to longer second anodization.
6.4.6. Elastic Modulus
The clastic modulus of AAO detennined in literature has been found to range from
40-140 GPa. The clastic modulus detennined for the AAO tube membranes in this
inYestigation is much lower than literature (Figure 42). As with the nanohardness
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measurement, the modulus of elasticity could be affected by the infiltration of the
crystal bond and the curved surface of the AAO membrane. Again, because the
preparation method and testing procedure were the same for each sample, the relative
measurements of elastic modulus are considered valid.
The elastic modulus of a bulk material should be constant. However, as shown in
Figure 42, the elastic modulus is inversely proportional to second anodization time.
The decrease in elastic modulus has been noted before and determined to be caused
by the increase in area fraction. As the porosity of the sample increases, the elastic
modulus decreases, because there is less material to resist the indentation.
6.4.7. Burst Pressure
The burst pressure results for select tubes, shown in Table 6, shows consistency in the
testing method, as both alloy tubes fractured at similar pressures. However, the
values for tubes 026S and 020S are overestimates of the actual burst pressure of the
AAO tube membrane due to the pressure application method. As was seen in Figure
16. the AAO tube membrane is placed over the entire length of a latex tube which,
when pressurized, exerts a force against the inside of the AAO specimen. The latex
tube introduces additional resistance to expansion. which causes a higher pressure to
be required to fracture the tube.
The burst pressure data for tube 0 19SB was obtained applying a pressure to the
interior of the AAO tube membrane using nitrogen gas exdusiYc1y. The lack of
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resistance due to the omission of the latex tube causes the burst pressure to be
reduced. The pressure required to expand the latex tube and contact the inner the
inner surface of the AAO tube membrane was found to be approximately 103 kPa.
Assuming the relationship between applied pressure and latex tube expansion to be
linear, it is inferred that the actual burst pressure of samples 026S and 020S is
approximately 35 and 42 kPa respectively.
The burst pressure results obtained in this investigation are much less than testing the
pressure determined by Itoh et al. The investigation determined the burst pressure of
a AAO tube membrane, internally oxidized in 1Owt.% sulfuric acid to be 979 kPa
[22]. However, there is a key difference that may account for the lower burst
pressure: Itoh et al. applied pressure to the exterior of the AAO tube membrane.
It is well-known that ceramic materials are much stronger in compression than in
tension. Bulk AAO has a ultimate tensile strength of 300 MPa and a compressive
yield strength of 3000 MPa. By pressurizing the exterior of the AAO tube membrane,
the tube is loaded in compression and greatly increases the burst pressure.
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7. Conclusion/Summary
The fabrication of AAO tube membranes for a hemodialysis filtration has been
investigated. Processing parameters that yield optimum properties for this application
were determined to be anodization in 20 wt.% sulfuric acid electrolyte for a second
anodization time of approximately 12 hours. These conditions yielded a membrane
with pore diameters of 12.46 ± 1.27 nm, pore density of 7.35 x lOll ± 1.11 x lOll, and
a thickness of23 microns. Based on the data acquired, the following conclusions can
be made:
• The rate of oxide growth was found to be greater in higher acid
concentrations. It is proposed that this is caused by the conductivity of the
acid, as higher acid concentrations resulted in larger current densities.
Additionally, the relationship between acid concentration and membrane
thickness confirms the field-assisted nature of the AAO dissolution.
• The inter-pore spacing was not affected by acid concentration, which confinns
that formation voltage establishes inter-spacing.
• The literature has described the relationship between membrane thickness and
time to be linear. However, it was found that prolonged second anodization
time reduced membrane thickness. This suggests that the membrane thickness
must be described by the equilibrium of the oxidation and dissolution rates. It
is proposed that the attenuation of the oxidation rate and resulting limiting
thickness is due to depletion of oxygen ions in the acid electrolyte solution.
• As each acid concentration exhibited a different oxidation rate, it is proposed
that each acid concentration also displays a characteristic limiting thickness,
determined by the equilibrium of the oxidation rate and field-assisted
dissolution rate.
• It was found that both temperature and acid concentration affect the current
density, though variation in acid concentration had greater impact. The linear
relationship found between 0 - 20wt.% sulfuric acid is consistent with that of
literature.
• The nanohardness is inversely proportional to the second anodization time,
due to the mechanism of pore wall softening, which describes the gradual
dissolution of the pore wall by exposure to the acid electrolyte.
• The effective porosity of the AAO membrane is inadequately defined by the
pore density if it is detennined using the pore count. The area fraction and the
average pore diameter should be used to detennine the pore density.
8. Future Work
The effect of first anodization time was not researched in favor of more fully
understanding the effect of the second anodization time. However, preliminary
results show that longer first anodization times could increase the thickness and.
improve pore ordering.
Figure 44 shows that the maximum conductivity of sulfuric acid occurs at 30wt.%.
As the oxidation rate was increased with increasing acid concentration, it is suggested
30wt.% and greater acid concentrations be investigated. This will determine the
optimum acid concentration for anodization.
The two-step anodization process is used because it greatly improves the porous
structure of the AAO. However, it is possible that the ideal processing parameters to
pre-pattern the aluminum tube and producing the porous membrane are different. It is
proposed that the first anodization time use a high acid concentration and low
fonnation voltage to quickly produce a thick, closely packed porous structure,
followed by second anodization using the ideal processing parameters found in this
investigation, or hard anodization processing.
Verification of the microcrystalline model proposed in literature via transmission
electron microscopy (TEM) is esscntial to understanding the cause of fracture in the
membrane. Anodized membranes are extrcmely brittle, exhibiting very little plastic
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deformation. Understanding the crystallinity of the AAO could lead to methods of
crack tip blunting.
Finally, the effect of pure and alloy tube compositions must be evaluated.
Unfortunately, the tubes in the investigation were not of the same geometry, so it was
difficult to determine the cause of any variations. It is suggested that alloy tubes of
the same geometry of the pure tubes be investigated.
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